active membrane increases. As a result of volume conduction one can measure the electrical activity of a neurone at some distance from its membrane. This process makes it possible to measure ~he electrical activity of neurones situated at some distance from the electrode and hence to measure the summed activity of a population of neurones around the electrode. But by this process it is also possible that active neurones contribute to the signal of more than one electrode, thus contributing to the linear dependence of these electrode signals. The influence of volume conduction on the linear relationship between the recorded signals may be considerable, especially when measuring with electrodes having a small tip separation.
Thus the influence of volume conduction may be a disturbing factor in determining the relation between the populations of neurones surrounding recording electrodes as a result of neuronal interaction. In order to quantify the linear relation of neuronal activity being generated by neurone populations in different parts of the brain it is desirable to eliminate or account for the possible linear relation resulting from volume conduction.
In this article we describe a method to quantify the linear relationship between two recorded signals due to electrical spread in a situation with independent neuronal sources.
Materials and methods
Five female Wistar rats (210--250 g) were used under urethane anaesthesia (1.1--1.4 g/kg). Urethane was chosen because this anaesthetic, in the concentration applied, appeared to favour spontaneous theta activity in the hippocampus. Measurements were carried out in different parts of the hippocampus, including the fascia dentata, against a reference electrode --the stereotactic apparatus. During the experiments the body temperature of the rat was kept constant at about 38°C, using an electronically controlled heating coil.
The recording electrodes were made of glass-coated 50 p platinum wire. The whole wire except the tip surface was insulated. The real surface of the semi-microelectrodes was 0.0019 mm :, and the impedance 2--10 M~2 at 10 c/sec. FET amplifiers developed in our laboratory, having an input impedance of 104 M~2 at 10 c/sec were used (Bergveld and Holsheimer 1971) . The electrode holder was attached to a rat stereotactic apparatus (Minderhoud 1968) and consisted of two microdrives with their axes at an angle of 17.5 ° in such a way that the point of intersection of the electrodes corresponded with the dorsoventral zero plane of the stereotactic apparatus.
During the experiments one electrode was fixed at the point of intersection and the other one was moved, resulting in a series of EEG records on analog tape at different sites and electrode tip separations.
Frequency analysis of 8 sec EEG epochs was carried out on a PDP-11 computer, using an FFT algorithm. As an estimate of the linear relationship between the stochastic signals in each record the squared coherence function was computed (Jenkins and Watts 1968) . Power spectra and coherence function were computed in the frequency range of 0--64 c/sec and plotted from 1.5--30 c/sec with a frequency resolution of 1/8 c/sec. Frequency averaging was employed, using a Papoulis window consisting of 13 frequency points (Papoulis 1973) . Apart from this the mean value of coherence in the frequency band of 12--30 c/sec (cohm) was calculated. The advantage of taking this mean value above the coherence at one frequency in this range is that cohm is a much more reliable estimate, especially at low values of coherence which have a large variance. Since the frequency band of 12--30 c/sec comprises 14 independent estimates of coherence, this averaging gave rise to a reduction in variance of 1/14. The estimates of coherence were biascorrected, corresponding to the linear approximation of Benignus (1969) .
Results
Since we were interested in the linear relationship between rhythmic activity at different sites of a brain structure, i.e. theta activity in the hippocampal complex, only spectra and coherence of epochs showing theta activity were computed. The spectra had a peak at 4.0--5.0 c/sec and sometimes also at the second harmonic (8--10 c/sec). This decrease in theta frequency under urethane anaesthesia in comparison with the normal of 7--9 c/sec in rat (Whishaw and Vanderwolf 1973) was similar to the effect of urethane on eserine-induced theta activity found by Stumpf et al. (1962) .
Coherence functions had different shapes at different electrode separations. In general coherence in the theta frequency band (and its second harmonic) had a high value at most interelectrode distances, whereas coherence outside this frequency range had a value which decreased with increasing electrode tip separation.
It is well known that during theta activity the membrane potential fluctuations of most pyramidal cells in the hippocampus show rhythmic activity and that these cells are considered to be the main sources of the hippocampal EEG (Fujita and Sato 1964) . Since large populations of interconnected pyramidal cells are involved, which give rise to this synchronized rhythmic activity, we may con-clude that the process of neuronal interaction will be limited to the theta frequency range (and its second harmonic). This process is characterized by the peaks in the power spectrum. Assuming that, except for these peaks, there is little correlation between the activity of different pyramidal cells, we may consider the linear relationship between the recorded signals outside the theta frequency range (and its second harmonic} as a result of electrical spread only. Therefore we took the main value of coherence in the frequency band of 12--30 c/sec, cohm, as an estimate of linear relationship of the recorded signals due to the passive process of volume conduction.
The influence of electrode separation on cohm is shown in Fig. 1 for six experiments. The value of coh~ decreases as a function of electrode tip separation, resulting in a negligible linear relationship (coh~ < 0.10) at a distance varying from 0.8--1.4 mm. The differences betweel] the curves must be attributed to different electrical properties (inhomogenities, anisotropy) of the tissue between the two electrodes in the various experiments, since the electrode trajectories were different in all experiments. For this reason it does not make sense to calculate a mean of all curves of cohm as a standard estimate for volume conduction in hippocampal tissue, and even less in grey matter in general. Each electrode traject will have its specific curve as a result of specific tissue properties, which lead to different electrical spread characteristics.
The conclusion which may be drawn from Fig. 1 is that the largest distance at which activity in the frequency band of 12--30 c/sec of hippocampal neurones contributes to the recorded signal will be half the electrode separation at cohm = 0.1, being 0.4--0.7 mm. The coherence level of 0.1 reflects a value of--25 dB for the ratio : power of common signal of the two records/total power of the recorded signal. Besides coherence as a result of volume conduction (cohm) the coherence resulting from volume conduction plus neuronal interaction during theta activity (coherence at the theta peak frequency, coh0 ) from one experi- ment is shown in Fig. 1 by a dashed line. It can be seen that at all electrode separations coh0 exceeds the value of cohm. Thus it can be concluded that at all interelectrode distances in Fig. 1 there is a linear relationship between theta activity of a population of neurones, which in turn has its implications for the volume conduction properties of this type of activity, as will be discussed later.
Model of volume conduction producing linear relationship of recorded signals
We consider the volumes of tissue around the electrode tips X and Y within which the neurones contribute to the recorded signals as spheres with radius r and equal volumes A and B. The overlap of these spheres will depend on the distance d between the centres of the spheres. The volume of overlap S of these spheres is given by S = 2/3~(r --~d)2(2r + ½d) for d ~< 2r. The model is depicted in Fig. 2A . As a first approximation we assume that: the cell density is uniform and the same within both spheres; the mean contributions to the electrode signal of all neurones within the spheres are equal; there is no linear relationship between the stochastic electrical activities of the neurones.
Then to r#& and hence proportional to S*. Since the maximum value of the coherence is 1.0 we also give S2 a maximum value of 1.0. This maximum corresponds with the squared volume A'(=B').
In order to see whether the model gives a good description of the linear relationship between the signals X and Y as a result of volume conduction, we have to compare cob, and S* as a function of the electrode separation d in the experiments.
The only parameter is the value of the radius r of the spheres. For an optimal fit of S* with the curves of cohm, in Fig. 1 the value of r lies between 0.9-1.6 mm.
Results obtained from one experiment and by means of the model are shown in Fig. 3 . The small discrepancy between the two curves can be accounted for by the assumption in the model that the mean contribution to the electrode signal of all neurones within the spheres should be equal. This assumption was made in order to get a simple quantitative model. However, this is an over-simplification because, according to the theory of volume conduction, the contribution of the different neuronal sources to the recorded signal decreases with increasing distance of the neurone from the electrode. It is useless trying to get a perfect fit of experimental and theoretical curves since other unknown characteristics of the tissue such as electrical (in)homogenity and (an)isotropy affect the volume conduction properties.
Discussion electrode separation
In comparison with the frequency range frequency range 4-6 c/set during theta activ-ity and therefore the influence of neurones on the extracellular field will spread over a much larger distance in the latter than in the former frequency range. Coherence functions (in which the relation between the model of Fig.  2 and experiments is expressed), however, do not measure absolute power but the ratio of powers of common and linearly independent sources. So if hippocampal sources generating 4--6 c/sec and 12--30 c/sec should be identical, the decay of coherence as a function of electrode separation should be the same for the two frequency ranges. But in the case of theta activity the hippocampal source has a more complex form since theta rhythm is due to synchronous activity of a large neuronal population forming a dipole layer within a warped surface. The difference between the decay of coherence as a function of electrode separation for the two frequency ranges can be accounted for by the difference in size of the respective neuronal sources. In the case of the 12--30 c/sec range each neurone is a small independent source, as assumed in the simplified model of Fig. 2A , but in the 4--6 c/sec range the source is a relatively large dipole layer. So our model will not hold for theta activity. Since the amplitude of the field potential of a dipole reduces with the inverse of the squared distance from source, whereas the field potential of a dipole layer reduces with the inverse of the distance, the power common to the two electrodes, and thus the coherence at 4--6 c/sec, will decay in a much less steeply than at 12--30 c/sec. For an exact model of the decay of coherence in the 4-6 c/sec range as a function of electrode separation we should have to know the distribution and orientation of the neurones and the form and intensity of their respective extracellular fields, as investigated by Horowitz and Freeman (1966) for the prepyriform cortex and by van Rotterdam et al. (1974) for the dentate area. But these considerations do not detract from the conclusion from Fig. 1 that the significant linear relationship between the recorded signals at theta frequency is a result of neuronal interaction within a population of pyramidal cells.
As synchronized activity of neurones in a cell layer may give rise to a large extracellular field, the activity of such a neurone population may contribute considerably to a signal recorded at a distant place. If there is little neuronal activity in the direct surroundings of the electrode the main contribution to the recorded signal may originate from such a remote source. This problem has already been discussed in the literature (Malliani et al. 1965; Abraham et al. 1973) . When recording such a strong remote source with two electrodes against a reference this may result in a large in-phase component in the simultaneous records. In order to distinguish this situation from one with two phase-locked sources in the surroundings of both electrodes, the phase and amplitude relations between the signals in the frequency range of interest can provide more information since volume conduction is a process giving rise to constant phase and continuous decrease of amplitude as a function of distance from the neuronal source (Winson 1974 (Winson , 1976 Bland et al. 1975; Feenstra and Holsheimer, in preparation) .
When recording field potentials in a brain structure with two electrodes against a reference electrode at some inactive site, the possible contribution of electrical spread to coherence between the simultaneously recorded signals can be determined in a situation in which there is no linear relationship between the neurones contributing to the recorded signals. When in some frequency band (for instance at a peak in the power spectrum) coherence has a higher value, this will be the result of neuronal interaction giving rise to synchronisation of cell activities. The volume conduction properties of such a population of synchronized electrical sources will be different from those of independent sources and will also result in an increased coherence. Thus the effects of synchronization of a neuronal population, and the consequent changes in volume conduction properties on the coherence of simultaneously recorded field potentials, cannot be distinguished experimentally.
Summary
When recording referentially brain field potentials with several electrodes at relatively small tip separations, a linear relationship between the simultaneously recorded signals may arise solely as a result of volume conduction (electrical spread). A method is described to quantify the linear relationship due to electrical spread in a situation with independent neuronal sources,
In rat under urethane anaesthesia, records were made during theta activity in the hippocampus with two electrodes against a reference with electrode tip separations between 0--3 mm. Frequency analysis of EEG epochs and computation of coherence were carried out.
As an estimate of linear relationship between the recorded signals due to electrical spread the mean value of coherence (cohm) of a frequency band outside the range containing most power of theta rhythm was calculated.
The results show a fairly constant decay of coh m at increasing electrode separation, reaching a value of 0.1 at a distance varying between 0.8--1.4 mm. This means that neuroues at a distance of 0.4--0.7 mm from a recording electrode make a contribution of --25 dB to a recorded signal of 0 dB.
The results of a simple model of volume conduction producing linear relationship between two recorded signals are in good agreement with the experimental results.
The influence of linear relationship of the activity of neurones on volume conduction properties and on coherence is discussed.
R6sume
Conduction en volume et dvaluations de I'EEG duns le cerveau: analyse quantitative de l'influence de la dispersion dlectrique sur la relation lindaire entre activitds recueillies en divers points.
Lorsqu'on enregistre les champs 61ectriques c6r6braux par plusieurs 61ectrodes relativemerit proches, par rapport ~ une r6f6rence, une relation lin6aire appara[t entre les signaux recueillis simultan6ment, qui r6sulte d'une conduction duns le volume (dispersion 61ec-trique passive). On d6crit une m6thode qui permet de quantifier cette relation lin6aire, duns le cas de sources neuronales ind6pen-dantes.
Des enregistrements du th~ta hippocampique out 6t6 effectu6s chez le rat sous anesth6sie ~ l'ur6thane, par deux 61ectrodes dont la distance entre points variait entre 0 et 3 mm, ceci par rapport ~ une r6f6rence. On a proc6d6 ~ une analyse fr6quentielle de segments de trac6, ainsi qu'~ une 6valuation de coh6rence.
Pour 6valuer la relation lin6are entre signaux qui est due ~ la conduction en volume, on a calcul6 la valeur moyenne de la coh6-rence (cohm) duns une bande de fr6quence ne contenant pus la puissance maximale du th~ta.
I1 apparaft alors que cohm d6croi't r6guli~re-ment lorsque l'6cart entre les 61ectrodes est augment6, pour atteindre 0,1 pour une distance entre 0,8 et 1,4 mm. Ce qui signifie que des neurones ~ une distance de 0,4 ~ 0,7 mm de l'61ectrode de d6rivation contribuent pour --25 dB ~ un signal recueilli de 0 dB. Les d6ductions faites ~ partir d'un module simple de volume conducteur, avec relation lin6aire entre deux signaux recueillis, sont en bon accord avec les donn6es exp6rimentales.
L'influence d'une relation lin6aire entre activit6 neuronales sur les propri6t6s de volume conducteur et sur la coh6rence est discut6e.
